Understanding the relevant permeability properties of ultrafiltration membranes is facilitated by using materials and procedures that allow a high degree of control on morphology and chemical composition. Here we present the first study on diffusion permeability through gyroid nanoporous cross-linked 1,2-polybutadiene (1,2-PB) membranes with uniform pores that, if needed, can be rendered hydrophilic. The gyroid porosity has the advantage of isotropic percolation with no need for structure prealignment. Closed (skin) or opened (nonskin) outer surface can be simply realized by altering the interface energy in the process of membrane fabrication. The morphology of the membranes' outer surface was investigated by scanning electron microscopy, contact angle, and X-ray photoelectron spectroscopy. The effective diffusion coefficient of glucose decreases from nonskin, to one-sided skin to two-sided skin membranes, much faster than expected by a naive resistance-in-series model; the flux through the two-sided skin membranes even increases with the membrane thickness. We propose a model that captures the physics behind the observed phenomena, as confirmed by flow visualization experiments. The chemistry of 1,2-PB nanoporous membranes can be controlled, for example, by hydrophilic patterning of the originally hydrophobic membranes, which allows for different active porosity toward aqueous solutions and, therefore, different permeability. The membrane selectivity is evaluated by comparing the effective diffusion coefficients of a series of antibiotics, proteins, and other biomolecules; solute permeation is discussed in terms of hindered diffusion. The combination of uniform bulk morphology, isotropically percolating porosity, controlled surface chemistry, and tunable permeability is distinctive for the presented gyroid nanoporous membranes.
M embranes from nanoporous materials in general and from nanoporous polymers in particular are of great interest for a variety of applications in the health sector, food industry, sustainable water treatment, and energy conversion. 1À4 Size-sieving and transport of molecules in a membrane is a crucial step for these applications. Advances in nanofabrication make it possible to accurately control morphology, pore size, and surface chemistry of nanoporous materials, allowing better predictability of mass transport at the molecular level.
Two of the most common techniques that are used to create nanoporous polymeric films are phase separation 5 and ion-track etching. 6 Commercial membranes fabricated by phase separation generally exhibit broad pore size distribution and relatively high thickness. As a result, these materials possess poor size-cutoff properties and low transport rates. Ion-track etched membranes show a better size cutoff, but their porosity is too low for most practical uses. Alternatively, anodized nanoporous materials, 7 for example, nanoporous alumina and nanoporous silica, have gained considerable attention due to the well-ordered cylindrical pores and narrow pore size distribution. However, weak mechanical properties limit their resistance to high pressure in a convection mode. It is also difficult to manufacture a device out of these brittle materials.
Block copolymer-templated nanoporous materials are being extensively developed. Due to the incompatibility of the constituent blocks, the block copolymers self-assemble into arrays of various well-defined structures, such as spheres, cylinders, lamellae, or more complex morphologies, with a microdomain dimension in the molecular length scale. 8 Nanoporous matrices can be derived from self-assembled block copolymers by partially or totally removing one block with UV, 9 oxygen plasma, 10 ozone, 11 base, 12 acid, 13, 14 or fluorine compounds. 14À17 Alternatively, block copolymers and nanoporous matrices derived from them have been used to direct the morphology of, for example, silicas and metal oxides. 18 We successfully generated a series of nanoporous polymers by selectively and quantitatively etching polydimethylsiloxane (PDMS) with anhydrous hydrogen fluoride, 14À16 trifluoroacetic acid, 14 or tetrabutyl ammonium fluoride. 16, 17 Unique features like controllable morphology, pore size and orientation, high porosity, narrow pore size distribution, 17 and easy surface functionalization 19À21 render, especially the nanoporous polydiene materials, very attractive for many membrane applications. 22 7755 Nanoporous polymer membranes derived from block copolymers show high potential as efficient separation membranes. 23 Russell et al. 24 fabricated an asymmetric membrane for the filtration of viruses where a thin nanoporous layer from polystyrene-bpoly(methyl methacrylate) (PS-b-PMMA) functioned as a top-layer membrane with ultrahigh selectivity and flux. Seung et al. 25 developed a new protein drug delivery device using membranes with cylindrical nanopores derived from PS-b-PMMA. The pore size of the PS nanochannels could be tuned from 15 to 6 nm by gold deposition. A nanoporous PS thin film fabricated from polystyrene-b-poly(L-lactide) was used as a template to load sirolimus; it was then applied as a coating on implantable devices for drug delivery. 26 Hillmyer et al. 27 reported ultrafiltration studies of a series of nanoporous membranes based on block copolymers for water treatment. In addition, a combination of molecular size selectivity in the nanoscale and superior mechanical properties in the macroscale were demonstrated for nanoporous polyethylene membranes prepared from polyethylene-b-polystyrene precursor. 28 More interestingly, while the bulk morphology of block copolymers can be controlled by composition, molecular architecture, chain length, and temperature, the outer surface morphology can be manipulated by controlling interfacial energy. 8, 29 This can in turn affect the properties and performance of the resultant nanoporous membrane, such as permeation rate, selectivity and biocompatibility. We fabricated nanoporous membranes from self-assembled 1,2-polybutadiene-b-polydimethylsiloxane (1,2-PB-b-PDMS) via quantitative and selective cleavage of the PDMS block, as illustrated in Figure 1 . A gyroid nanostructure was designed from the polymer synthesis stage 17 to ensure isotropic percolation with no need for structure prealignment. The membrane has narrow pore size distribution and high porosity, so high throughput and selectivity are expected. We selected two different substrates to interface-direct two distinct morphologies at the outer surface of the nanoporous membranes. The surface morphology was comprehensively investigated by scanning electron microscopy (SEM), atomic force microscopy (AFM), contact angle (CA), and X-ray photoelectron spectroscopy (XPS). We demonstrate the effect of surface morphology and membrane thickness on permeation rate by testing glucose diffusion through the membranes. The originally hydrophobic membrane can be hydrophilized via UV photo-oxidation 20 or thiolÀene photochemistry. 21 We selectively hydrophilized controlled portions of the membrane by utilizing patterned UV masks, thus, rendering tunable active porosity toward aqueous solutions. The selectivity of the membranes was further assessed by measuring the diffusive transport of a series of antibiotics, proteins and other biomolecules.
RESULTS AND DISCUSSION
The section is composed of two main parts, the first focusing on the structural characterization of the membranes, and the second on their performance in diffusive transport regime. We start the characterization part by demonstrating the gyroid bulk morphology, touching also on the subject of pore connectivity across grain boundaries in the bulk. A detailed study of the surface morphology follows, evidencing the role of substrate on the absence or presence of skin layer, its structural relation to the microphases of the block copolymer precursor, and its possible defects. First in the performance part we present and conceptually model the diffusion of glucose through gyroid membranes with no skin layer and with skin layer on one or both sides. Then, it is demonstrated that the active porosity for permeation of water solutions can be controlled by patterned hydrophilization of the membranes. At the end, the selectivity of the nonskin membranes in diffusive flow is studied relative to a number of biologically relevant molecules and proteins; the results are analyzed in terms of hindered diffusion.
Membrane Characterization Bulk Morphology. Figure 2a shows a typical nanoporous 1,2-PB membrane prepared in this study. It is colorless, transparent, and flexible. The bulk morphology of the membranes was imaged by SEM and TEM, as shown in Figures 2b, c and 3. It was further confirmed by small-angle X-ray scattering (SAXS) and AFM, as can be seen in Figures S1 and S2a of the Supporting Information (SI). Both the SEM and TEM images show regular patterns with uniform pore size of ∼10 nm in diameter and a crystallographic unit cell size of 45 nm (see also Figure S1 ). The crystal-like structures of Figure 2 are characteristic within each gyroid grain; the membrane as a whole is a "polycrystalline" material with grain sizes in the range of 1À5 μm, as can be seen Figure 1 . Schematic illustration of the fabrication steps of cross-linked nanoporous 1,2-PB polymer from a 1,2-PB-b-PDMS block copolymer precursor. The precursor (left) self-assembles into a gyroid morphology at the cross-linking temperature (middle). PDMS is selectively cleaved from the sample and a nanoporous polymer matrix is obtained (right).
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VOL. 5 ' NO. 10 ' 7754-7766 ' 2011 www.acsnano.org 7756 in Figure S3 of SI. A grain boundary zone is captured in the TEM image of Figure 3 . There is substantial pore connectivity across the boundary, as judged from the perceived continuity of the white-gray shaded paths connecting the two grains. A similar conclusion can be reached by observing the TEM micrographs of two other grain boundary zones in Figure S3 . Most of the pores on the images continue uninterrupted across the gyroid grain boundaries, which hints to the expectation that the mass transport is unaffected by the boundary zones. The membranes used in the present work are identical in the bulk morphology, porosity, pore size, and size distribution.
Surface Morphology. We used two different substrates, a glass plate and a fluorinated glass plate, to cast 1,2-PB-b-PDMS polymer solutions, thus, creating a distinct interfacial environment for the block copolymer films as-casted. For a limited number of samples, films were cast in glass Petri dishes and cross-linked with one surface free to nitrogen gas, which can be considered as a third substrate, in addition to the already mentioned glass and fluorinated glass substrates. During cross-linking, as the temperature increases from 20 to 140°C, the microphase in the bulk (far away from the film surface) is expected to transform from lamellar (LAM) to gyroid (GYR) passing through the metastable hexagonally perforated layer morphology (HPL). 17 LAM is the stable structure at room temperature and GYR at 140°C. Therefore, a gyroid structure was captured in the film bulk after cross-linking, as shown in Figures 2, 3 , and S2a, and S3. However, the outer surface morphology of the block copolymer film depends also on the interfacial energy between polymer and the selected substrate. Accordingly, we investigated the outer surface of the resultant nanoporous membranes by SEM, contact angle, and XPS. Figure 4 is a collection of SEM images of the surface of nanoporous membranes prepared in contact with glass ( Figure 4a ) and in contact with fluorinated glass or nitrogen gas (Figures 4bÀf). Apparently, neither of the surfaces shows the gyroid bulk morphology. Randomly distributed nanoporosity is observed on the surface contacting glass, with a pore size of ∼10 nm and a surface porosity of 35 ( 10%, as estimated by AFM image analysis (see Figure S2b of SI). In contrast, the "nitrogen substrate" and the fluorinated substrate mostly produced a flat dense surface with no discernible pores as in the SEM image of Figures 4b,e. Figure 4c shows a top view of the edge of a nanoporous membrane prepared between the fluorinated substrates. A piece of "skin" with the same compact surface on the upper side as in Figure 4b is partially peeled off from the surface. The surfaces beneath show characteristic features of HPL morphology, which is the transient morphology between LAM and GYR. 17 Figure 4c evidences that the skin layer consists of sublayers, the outmost layer being LAM on the outer side and HPL on the inner side, followed by at least one additional HPL layer. A roughly 30 nm thick skin layer is also clearly observed in Figure 4d , which shows part of a cross section near the free ARTICLE surface of a nanoporous film prepared by solventcasting. The periods of both LAM and HPL for a block copolymer sample similar to the precursor of this study are ∼21 nm, as determined by SAXS. 17 Therefore, the observed average skin layer thickness is equal to 1.5 periods of HPL (32 nm) or to one PB lamella and one period of HPL (34 nm). Most of the skin surface is compact, like in Figures 4b,e. However, "peeled-off" areas, as seen in Figure 4f and Figures S4cÀf are also observed randomly distributed throughout the skin area. At a larger magnification (inset of Figure 4f ), a number of surface pores can be discerned within these areas; these pores might be connected to bulk pores, creating percolating defect clusters on the skin layer. This view is supported by the flow visualization experiments discussed further on in relation to Figure 7 .
Hereafter, membranes prepared between two glasses are referred to as nonskin (ns) membranes, while membranes prepared between fluorinated glasses are referred to as double-skin (ds) membranes. Single-skin (ss) membranes are prepared between one fluorinated glass and one glass. SEM imaging was supplemented by advancing contact angle (CA) measurements on the surfaces of skin and nonskin membranes before and after removal of PDMS. The experimental data are summarized in the first data row of Table 1 .
The CA value for the cross-linked double-skin membranes BD36-X-ds is similar to the reported value for pure PDMS. 30 For the etched sample BD36-E-ds the CA value is close to that of the cross-linked 1,2-PB homopolymer (1,2-PB-H). Most likely only PDMS block segregates on the outmost surface of the BD36-X-ds 31 using the information of surface porosity from the AFM images (see Figure S2b ).
where θ p is the water contact angle of the surface made of A and B. 30 The enrichment with PDMS of the surface in contact with fluorinated glass (or of the free surface) is driven by minimization of interfacial energy. A CA value of 91°, equal to that of pure 1,2-PB, is predicted for the BD36-E-ds sample. This expectation is based on the observation of nonporous surface by the SEM images in Figures 4b,e combined with the quantitative removal of PDMS in the etching process. 17 The surface composition of the skin and nonskin samples was further assessed by XPS (see Table S1 in SI). A short discussion of the XPS results and their consistency with the results from the other techniques is presented in the SI. An overall picture emerges from the results of surface characterization. The high surface energy substrate (glass) does not seem to show preference for any of the blocks; a homogeneously porous surface is observed after PDMS etching, although without the characteristic regularity of the GYR morphology. The low surface energy substrates (nitrogen gas or fluorinated glass) stabilize the LAM microstructure at the polymer interface by promoting the enrichment with PDMS of the polymer surface in contact with the substrate. This happens even at the cross-linking temperature of 140°C where GYR is the thermodynamically stable microstructure in the polymer bulk. After PDMS etching, a ∼30 nm thick skin layer of cross-linked 1,2-PB is observed at the surface, showing a smooth compact outer side, compatible with the LAM morphology, and beneath, a microstructure compatible with HPL. Sporadic "islets" extending from few to few tens of micrometers are observed, where the outer compact layer is peeled off and the HPL structure exposed; the HPL layer in these areas is randomly perforated by pores that possibly percolate into the bulk (see Figures 4f and S4e, f). We speculate that the peeled-off areas form at places with high abundance of porous defects on the underlying HPL. The higher is the density of defects, the weaker becomes the connectivity of the upper layer to the material beneath, increasing its susceptibility to stresses generated by crosslinking and etching. The porous defects themselves might occur due to some degree of coexistence (or structural frustration) between the stable GYR in the bulk and the metastable HPL. Such a coexistence has been earlier observed in the bulk of a similar block copolymer by SAXS measurements at different temperatures. 17 The length-scale of the peeled-off areas is probably related to external factors, such as variations in thermal contact between the polymer and the substrate during the cross-linking reaction. These may cause disparity in cross-linking rates and therefore variations in the morphology at the polymerÀsubstrate interface before it becomes fully frozen due to the high degree of cross-linking. Membrane Performance. Diffusive Permeability. Glucose was chosen as a solute for studying the permeation of the nanoporous membranes. Results on glucose diffusion through 20 μm thick nonskin (ns), single-skin (ss) and double-skin (ds) membranes are presented in Figure 5 . Figure 5a is a plot of glucose concentration in the receiver cell as a function of time. As expected, the ARTICLE ns membrane exhibits the fastest glucose permeation, reaching equilibrium within 30 h. The ds membrane shows the slowest permeation ascribed to the big resistance of the skin layer on both sides of the membrane. The equilibrium state is not achieved for ss and ds membranes within the measurement time window. Figure 5b shows the dependence of the initial glucose permeation rate on the inverse of membrane thickness l À1 for the ns, ss, and ds samples. The glucose diffusion flux values across the ns membranes (open squares) can be described by a simple linear dependence on the inverse membrane thickness. The flux values through the ss membranes (open circles) show a similar dependence but with a significantly reduced slope. The filled circles in Figure 5b are the flux data for the ss membrane multiplied by the factor of effective diffusion coefficients calculated from the permeability data through the 20 μm thick samples of Figure 5a (and eq 2 below). Figure 5c shows the permeability data for the ds membranes of Figure 5b replotted against membrane thickness l, instead of l À1 . The surprising flux increase with membrane thickness discerned in Figure 5c can be understood from the model of Figure  6 presented below. The effective membrane diffusion coefficient D e (cm 2 /s) of glucose in water can be determined by the following mass balance equation:
where c 0 is the initial glucose concentration in the donor cell; c 1 (t) and c 2 (t) are the glucose concentrations at time t (s) in the donor and receiver cells, respectively; c 2 (0) = 0; V 1 and V 2 are the solution volumes (cm 3 ) in the two cells (V 1 = V 2 ); l is the thickness (cm), and A 0 is the area (cm 2 ) of the membrane exposed to the solution. We assume the external mass transfer boundary layer resistance on each side to be minimized by stirring, and that there is no mass accumulation inside the membrane. The solid lines are best fits to the data of Figure 5a by eq 2. The fits are very good except for the two data points exceeding 20 h for the ns and ss membranes, where we believe that the raised concentration of glucose is caused by some accidental water evaporation. From the fits the effective diffusion coefficient of glucose was calculated for each type of 20 μm thick membrane: D ns = 1.20 Â 10 À6 cm 2 /s; D ss = 2.09 Â 10 À7 cm 2 /s; D ds = 1.88 Â 10 À8 cm 2 /s. The total diffusive fluxes of glucose for the three types of membranes are 
proportional to the respective effective diffusion coefficients: J tot,ns = 5.7 Â J tot,ss = 64 Â J tot,ds . The flux through ds membranes is almost 2 orders of magnitude lower than through ns membranes. Conceptual Models. The skin morphology on ss and ds membranes is expected to be the same, due to the identical procedure of fabrication. Therefore a naive model of additive resistance to flux from skin layer(s) and bulk would predict a maximum reduction by a factor of 2 for the total flux through the ds relative to the ss case. The value is significantly smaller than the experimental reduction factor of 11. This strong reduction of flux from ns to ss to ds membranes might be due to the existence of few, rather big defects randomly distributed on the skin layer(s) with mean interdistance 2A much bigger than both the membrane thickness l and the defect size 2a, as modeled in Figure 6 . Figure 6 reduces the diffusion transport into a twodimensional problem. Despite this simplification we believe that it captures the physics behind the observed differences of diffusive fluxes for the three types of membranes. Notice that J tot,ds is expected to increase with the membrane thickness l, in accordance with the data of Figure 5c . Such an unintuitive behavior is due to the skin boundary conditions in the ds membranes imposing a dominant radial mass transport (parallel to membrane surface). The third condition (l/2a , 1) is not necessary for this to happen.
As for the ss samples, the model predicts a flux proportional to the defect area and inversely proportional to membrane thickness. This is actually true when the defect size is much larger than the sample thickness (third condition: 2a . l); in that case, the flux at the defect edges gives a negligible contribution to the total flux through the defect opening. Otherwise the flux ratio J tot,ss /J tot,ns will exceed the defect fractional area, due to the edge contribution. 32 In the mentioned limiting case the flux is reduced by a factor of a/A relative to the flux through the ns membrane, which is equal to the fractional area of defects in ss. Equalizing this factor to the experimental flux reduction factor of 5.7 (= D ns /D ss ), would correspond to a fractional area of defects in the model equal to 17%. From the above discussion 17% is an upper limit for the fractional area of defects; in cases where the flux around the defect edges is significant the actual fractional area of defects will be less than 17%. With the above interpretation, values of the model geometrical parameters reproducing the experimental observations for l = 20 μm are A = 180 μm and a = 30 μm (or more accurately a e 30 μm). The "fit" model values l/b = 0.13, a/b e 0.20 and l /2a ≈ 0.33 only "mildly" satisfy the limiting model conditions (l/b , 1, a/b , 1, and l/2a , 1); this is especially the case for the third condition, which means that the edge flux cannot be neglected. At diminishing thickness, l the first and third limiting model conditions are increasingly approached. Compared to the essentially 1-D skin layer model of Figure 6 the edge flow contribution is expected to be more important in a more realistic 2-D skin layer with, for example, circular defects. This means that the expected defect fractional area in the case of real membranes might be well below the above estimated 17% value. In spite of the simplicity of the model its predictions are quite realistic, as shown in the coming paragraph on "Flow Visualization".
Before that we briefly mention another model showing a nonlinear flux decline from nonskin to single-skin to double-skin membranes (see Figure S5 of SI). This is the case of membranes composed of cylindrical pores aligned normal to the membrane surface. Like in the first model, the membrane material is impermeable to the solute. In such case the flux ratio J ds /J ss /J ns is expected to equal R 2 /R/1, where R is the surface fraction of the randomly distributed defects on the skin surface. Thus, for R = 0.1 the flux through ds membranes is expected to be only 1% of the flux through ns membranes. At a defect surface fraction R = 0.125 a ratio J ds /J ss /J ns = 1:8:64 is predicted, which is close to the experimental values from Figure 5 . In contrast to the model of Figure 6 , the cylindrical pore model of Figure S5 (1) does not allow flux increase with membrane thickness and (2) imposes a laterally nonspreading diffusion profile for the solute. Neither feature is supported experimentally, as seen in Figure 5c relative to feature (1), and as will be shown in the next paragraph relative to feature (2) . From the structural viewpoint the cylindrical pore model is probably not relevant for the gyroid morphology, where the isotropic pore percolation within each gyroid grain and the observed high pore connectivity through the grain boundaries render quite unlikely any kind of preferential directional diffusion transport through the membrane bulk. However, in our opinion, it is a heuristically interesting model, it can be generalized to accommodate isotropic flow by dropping the pore alignment condition, and most importantly, it may be relevant for porous media with other morphologies.
Flow Visualization. In a tentative to test the predictions from the simple models of Figures 6 and S5 , one nonskin and a number of skin membrane samples were exposed to a Rhodamine 6G (R6G) solution in ethanolÀwater, as described in the SI. Notice that for practical reasons skin films of thickness 200 μm were used, which exceeds the thickness values of the membranes used in relation to Figure 5 . Figure 7 shows fluorescence pictures of fracture surfaces from one nonskin membrane, exposed for 1 s to R6G and one skin membrane, exposed for 10 s and ARTICLE LI ET AL.
VOL. 5 ' NO. 10 ' 7754-7766 ' 2011 www.acsnano.org 7761 then dried. The visual difference between the "frozen" flow patterns in the two membranes is striking! The diffusion front of R6G through the nonskin sample is parallel to the surface and agrees perfectly with the expectations of both non skin membrane models in Figures 6 and S5 . However, only the model of Figure 6 is supported by the observed advancing front through the skin sample. The diffusion front of R6G in the skin sample is very irregular, with three separate advancing fronts, 290 and 400 μm apart, visible in the picture. The rounded profile of the R6G front testifies for an isotropic diffusion in the bulk and for rather well localized "sources" (defects) on the skin. Pictures in Figure S6 taken after 1, 5, 10, and 60 s of contact times with the R6G solution show that:(1) local diffusion blobs are distributed into clusters; (2) depending on the contact time the distance between separate diffusing blobs varies between few μm and 500 μm, with the bigger clusters spacing in the range of 200À500 μm; (3) the diffusing fronts from the local skin defect sources merge laterally at longer diffusion times creating more or less flat fronts advancing into the bulk; (4) at 60 s of contact time R6G fills most of the porous film volume and lateral diffusive spreading imposed by the opposite film surface is observed. The scenario that emerges from the flow visualization experiments on the skin samples is that the solute diffuses into the bulk from clusters of localized surface pores. The typical cluster size is small relative to their average separation; this last is big relative to the membrane thicknesses of Figure 5 (and comparable to the separation calculated by the model, 360 μm), just like the model of Figure 6 wants it! The merger of diffusion fronts from neighboring defects creates effective flow profiles that in crosssection resemble those expected from the model of Figure 6 . However, the observed profiles testify that the defect-edge flow cannot be neglected in the skin membranes, unless the membrane thickness is very much reduced. From the discussion following Figure 6 this means that the fractional area of defects in the model reproducing the experimental flux values would be less than 0.17. The defect clusters on real membranes are most probably related to the distribution and size of the peeled-off areas and pores shown by the SEM images of Figures 4f and S4cÀf . An accurate assessment of the origin, size, and distribution of defect clusters on skin membranes is yet to be done by combining flow visualization and SEM analyses on a large number of samples.
Controlled Active Porosity. Throughout the rest of the article we focus on nonskin membranes. The effective diffusion coefficient D e across a porous film can be related to the diffusion coefficient in free solution D 0 by the following equation: 33
where τ is tortuosity, ε is porosity, and δ is constrictivity of solute through a pore. We created a series of nanoporous membranes with varying active porosity ARTICLE as a means to tune the glucose permeation. We previously reported that the originally hydrophobic membranes can be turned into hydrophilic via UV photooxidation 20 or thiolÀene photochemistry. 21 Water can spontaneously and exclusively fill the hydrophilized nanopores. As a result, the hydrophilized nanopores are permeable to the diffusing species in aqueous solutions, while no diffusion happens in the unmodified pores. This provides an easy means to change active porosity by hydrophilizing selective regions of the membrane. Figure 8 nicely shows that the effective diffusion coefficient of glucose in water is proportional to the active porosity of the membrane expressed in terms of the fractional surface area exposed to UV.
The results above demonstrate that the permeation rate of glucose through nanoporous cross-linked 1,2-PB membranes can be widely varied either by manipulating the surface morphology of the membrane or by changing the active porosity.
Membrane Selectivity. Selectivity was studied as the second important characteristics of the membrane performance. A series of molecules were used to evaluate the selectivity of 20 μm thick nonskin nanoporous membranes including antibiotics, proteins and other biomolecules, as listed in Table 2 . It summarizes the basic characteristics of the tested solutes. The values of effective diffusion coefficient derived from eq 3 are given in the next-to-last column of the table. In the case of proteins, there was a time lag for adsorption equilibration. This equilibration period ensured that the concentration profile across the membrane eventually reached a quasi-steady-state. 34 Therefore, in the case of proteins the starting time for a linear fitting was taken after equilibration rather than at t = 0. The values of selectivity R, defined as the ratio of effective diffusion coefficient of glucose to that of a given solute are summarized in the last column of Table 2 . We found that the D e values for ciprofloxacin (3), vancomycin (5), cytochrome C (6), and myoglobin (7) were significantly lower than expected from their sizes (see below). Myoglobin and albumin showed extremely little or no permeation so that the concentration on the receiver cell was lower than the detection limit of the UVÀvisible spectrometer used. See also Table S3 for the molecular structures of the solutes.
In general, solute transport in a constricted pore reduces mainly due to equilibrium partitioning and hydrodynamic effects. 43 The constrictivity can be calculated by
where tortuosity for the gyroid porosity is taken τ = 1.5; 44 porosity ε = 0.4 is taken equal to the volume fraction of etched PDMS; and the experimental D e values are listed in Table 2 . To characterize the hindered diffusion through the nanoporous membranes, the constrictivity δ is plotted vs the ratio of hydrodynamic radius of solutes to pore radius R s /R p in Figure 9 . Here the pore radius R p = 5.0 nm is determined by gas diffusion and water flux measurements, consistent with the estimates from TEM, SEM, and AFM; it is lower than the pore radius determined by nitrogen adsorption. 45 The hydrodynamic radius R s of the solutes ( Table 2) was calculated from the diffusion coefficient in free solution D 0 using the StokesÀEinstein equation. The plot reveals that space confinement and other interactions in the nanopores significantly affect the diffusivity of the solutes, as discussed below. The experimentally derived constrictivity values are compared with the prediction from the Bungay and Brenner model 46 (BB) shown by the bold dashed line in Table 2 . Figure 9 . The BB model describes quite accurately diffusion of rigid molecules through a cylindrical nanopore for R s /R p < 1; the model considers only steric effects and hydrodynamic interactions between solute and pore wall. It is evident from Figure 9 that hydrogen peroxide, glucose and ampicillin follow the model prediction. This indicates that at the measurement conditions summarized in Table 3 of the Methods section, size exclusion and hydrodynamic interactions govern the diffusion of these three molecules in the nanopores. The first two do not bear electrical charges, while ampicillin (pK a1 = 2.5 and pK a2 = 7.3) is a zwitterion at pH ≈ 4.5. On the other hand, the hindered diffusion of the other molecules is much slower and the selectivity much higher than expected by the BB equation. The permeation of solutes across a membrane does not only depend on the size of solutes or pores; in most cases, it strongly depends on a number of soluteÀsolute and soluteÀmembrane interactions, 34 ,46À49 such as electrostatic, hydrophobic, charge transfer, and hydrogen bonding interactions. These interactions can be significantly influenced by physicochemical parameters, such as pH, ionic strength, transmembrane pressure, surface chemistry of the nanopore wall, and so on. We could not investigate in any systematic fashion the complex parameter space of such interactions for the solutes of the present study. Even so, we show through the rest of the section that (1) at changed conditions, ciprofloxacin and vancomycin exhibit constrictivity values close to the BB prediction of Figure 9; (2) the large deviations observed in Figure 9 for the constrictivity values of proteins relative to the BB prediction may be due to protein adsorption effects, vastly reported in the literature. Starting with proteins, the significant reduction in diffusion of cytochrome C (cytC) can be explained by the fact that the hydrophobic interaction between proteins and the hydrophobic membrane are significant. At the pH 7.4 of the PBS buffer (see Table 3 ) cytC is positively charged, the isoelectric point for cytC being 9.8. 50 The long-range electrostatic interaction is effectively screened by the PBS buffer. In the presence of an uncharged surface like cross-linked 1,2-PB, the adsorption of cytC should stop at the monolayer stage, as reported from many studies. 50, 51 Therefore, a monolayer of cytC is expected to adsorb on the pore walls before the steady state permeation of the protein through the membrane is established. Assuming conserved size of adsorbed protein as in free solution, the effective pore radius would then decrease to 2.1 nm and the actual R s /R p value correspondingly increase to 0.70. This is the abscissa of the new data point 6 0 in Figure 9 , which now follows the prediction of the BB model. Similar considerations on the bigger proteins myoglobin and albumin would spawn the prediction of complete pore clogging and no permeation through the nanopores, which also is in line with our observations.
The influence of physicochemical parameters on the solute transport through the nanoporous membranes was further investigated in the case of ciprofloxacin (cipr) (pK a1 = 6, pK a2 = 9) and vancomycin (vanc; pK a1 = 2.2, pK a2 = 7.8, pK a3 = 8.9). A 13-fold increase of the effective diffusion coefficient D e for cipr was observed at a 0.02 g/L concentration in PBS buffer of pH = 7.4. From the pK a values given above, cipr is expected to become a zwitterion with zero net charge at such pH, which brings it at similar conditions to the case of ampicillin sodium salt in DI water. Surprisingly, the D e of vanc increased more than 6-fold by a simple 5-fold dilution in DI water, as can be seen in Figure 10 . The increase of ionic strength by addition of 0.15 M NaCl did not produce noticeable changes (data not shown). However, given the net charge of vanc at pH 4.5, we would have expected a clear effect of charge screening on membrane permeability. A lower concentration creates more free space between solute molecules, ARTICLE reducing the effect of electrostatic interaction or hydrogen bonding. The extended planar shape of vanc (see Table S3 ) would promote molecular stacking stabilized by hydrogen bonds and πÀπ interactions (see Table S3 , SI), which are effectively reduced by dilution. A common structural feature of the three antibiotic molecules ampicillin, ciprofloxacin and vancomycin at conditions where they all show "BB-like" constrictivity values is that they bear charges close to the molecules' ends: 1 þ , 1 À at each end of the first two, having a prolongated shape, and 1 þ , 1 þ , 1 À at the tips of the roughly triangular-shaped vanc (see Table S3 ). This charge distribution eliminates any surfactant-like behavior of the molecules, minimizing adsorption at the neutral hydrophobic pore walls. In conclusion, the highest D e values for cipr and vanc, shown by the open circles in Figure 10 , were used to calculate constrictivities for the two solutes, as shown by the data points 3 0 and 5 0 in Figure 9 . By altering physicochemical parameters, the diffusion of ciprofloxacin and vancomycin can be changed to follow the BB model!
CONCLUSIONS
Gyroid nanoporous 1,2-PB membranes prepared from 1,2-PB-b-PDMS block copolymers show high structural uniformity in the bulk, isotropically percolating porosity with no need for prealignment and easy control of pore wall chemistry, therefore, tunable solvent affinity. The outer surface morphology can be controlled through variation of the interface energy by suitable choice of substrates in the process of membrane fabrication. Opened nonskin nanoporous surface was generated using a glass substrate, while a dense skin layer was created in the presence of a fluorinated substrate, or nitrogen gas. Diffusion profiles for the glucose transport through nonskin, single-skin, and double-skin membranes were presented and interpreted by a simple model of defects on the skin layer(s). The model was qualitatively confirmed by flow visualization experiments. It was shown that the permeation rate of water solutions can also be tuned by generating patterned hydrophilized regions of the membranes. The selectivity of the nanoporous membranes was investigated relative to a series of antibiotics, proteins and other biomolecules. The solute transport was discussed in terms of size exclusion and hydrodynamic interactions. The demonstrated flexible diffusion renders this type of nanoporous membranes interesting for various applications. For example, the skin membranes with a low flux might be useful for sensor applications where diffusion restriction is needed. The hydrophilized nonskin membranes might be promising for hemodialysis applications where high flux and antifouling are desired. The study of the performance of the gyroid 1,2-PB membranes as ultrafiltration membranes will be reported separately.
METHODS
Membrane Preparation. The 1,2-PB-b-PDMS copolymer was synthesized by living anionic polymerization as described in ref 17 . The general procedure to prepare a nanoporous 1,2-PB membrane is as follows. Two different substrates were used for fabricating the flat sheet membrane. One is a glass plate and the other is a FDTS-coated glass plate via molecular vapor deposition. 52 FDTS stands for Cl 3 Si(CH 2 ) 2 (CF 2 ) 7 CF 3 . The 1,2-PB-b-PDMS precursor was dissolved in tetrahydrofuran (THF, Sigma-Aldrich) containing 0.01 mols of dicumyl peroxide cross-linker (DCP, Sigma-Aldrich) per mole of 1,2-PB repeating units. For each membrane sheet to be prepared, the solution was cast onto a clean substrate (glass or FDTS-coated glass), followed by drying under nitrogen flow first and then in a vacuum at room temperature. The dried sample was then covered with a second plate (glass or FDTS-coated glass). The two plates were squeezed together under 4 bar in a pneumatic-drive compressing setup under vacuum for 2 h at room temperature. The thickness of the sample was controlled with a few pieces of 0.5 cm wide aluminum spacers. The sandwiched block copolymer samples were cross-linked at 140°C for 2 h under nitrogen atmosphere. After cross-linking, the circular flat sheets were removed from the plates and immersed in tetra-n-butylammonium fluoride solution (TBAF, Sigma-Aldrich) in THF to selectively and quantitatively remove the PDMS at room temperature. The etched samples were rinsed by a mixture of THF and methanol and further dried under nitrogen flow at room temperature. Membrane disks 1 cm in diameter were cut out of the flat membrane sheet for the diffusion tests.
Characterization. Atomic force microscopy (AFM) was performed at ambient conditions using NanoMan AFM in tapping mode, with NANOSENSORS SSS-NCH AFM probe. The scan area was 1 Â 1 μm 2 and 512 Â 512 pixels. The sample to be measured was cut with a blade. The cutting surface was trimmed flat and further microtomed on a Leica ultramicrotome with a cryo 35°diamond knife (DIATOME) at room temperature. The microtomed sample was glued on a silicon plate for AFM measurement.
Transmission electron microscopy (TEM) was performed on a FEI TECNAI T20 at acceleration voltage of 200 kV. The 90 nm slices of nanoporous 1,2-PB were sectioned on the Leica ultramicrotome with the cryo 35°diamond knife at room temperature. The slices were deposited onto a holey carbon-coated copper grid for TEM measurements.
Scanning electron microscopy (SEM) was done either on a HELIOS or a Quanta 200F instrument from FEI using an acceleration voltage of 5 or 3 kV. The samples were sputter-coated with 2 nm thick Pt/Pd prior to SEM imaging.
Contact angle measurements (CA) and surface tension measurements were conducted on a Contact ARTICLE Angle System OCA 20. Contact angles of water on a glass plate or a FDTS-coated glass plate were measured at room temperature with the sessile drop method. 53 X-ray photoelectron spectroscopy (XPS) was recorded on a Surface Science Instruments Sage-100 with a monochromated Al KR X-ray at takeoff angle of 90°. Elements present on the surface were identified from a survey spectrum over the energy range 0À1400 eV with pass energy of 100 eV and resolution of 0.5 eV. The spectrum was analyzed with the software Avantage provided by the manufacturer.
Diffusion Tests. The diffusion cells contain two compartments separated by the membrane disk to be tested. The tested membrane was placed onto an O-ring and sealed into the two chambers. Once the membrane was in place, we first checked the liquid leakage by filling deionized water in the feed chamber for 1 h. No liquid leakage was observed. Prior to the diffusion tests, both chambers were loaded with ethanol to prewet the hydrophobic membrane for 30 min. The deionized water was then filled to replace ethanol for another 30 min. After prewetting, the feed chamber was set with 5 mL solution to be tested; the permeate chamber was loaded with the same volume of pure solvent. Both chambers were stirred by standard Teflon magnetic stirrers throughout the entire experiment. Equal amount of solutions were withdrawn from both chambers at planned time intervals. The solutes' concentration (hydrogen peroxide and glucose) in the receiver cell was determined using a commercial electrochemical analyzer at Radiometer ApS; the concentration of the other solutes was determined using an Ultrospec 3000 UV/visible spectrophotometer (Pharmacia Biotech Ltd., Cambridge, U.K.). All the tested solutes but cypr 3 HCl 3 H 2 O (from Bayer Pharmaceutical) are purchased from Sigma-Aldrich and used as received. They are listed in Table 3 together with specific experimental conditions. See Table S3 for chemical formulas and a number of pK a and solubility values.
